Sesame is a major cooking oil crop in Korea. One of the primary problems in sesame cultivation is low healthy stand establishment due to the occurrence of seedling rot and damping-off resulting from a complex of soil-borne pathogens in the field. To address the problem, the bioformulation of Pseudomonas fluorescens M45 was prepared in powder form using clay and vermiculite, and was evaluated for its effect on biological control of soil-borne pathogens in sesame cultivation. In the petri dish trial, the emergence rate was overall good (> 92%) regardless of seeds being pelleted and/or M45-treated. In both pot and field trials containing disease-conducive soils, seed-pelleting substantially reduced emergence rate, whereas seed-pelleting with M45 significantly improved the emergence rate (> 26%). The emergence rate of sesame seeds treated with the strain M45 was greater than 30% regardless of seed pelletization. We also found that M45r colonized in the roots at the density of 1.6×10 5 cfu/g.
I. Introduction
capacity of introduced bacteria on the seed, various methods of seed pelletizing have been developed (Jacobsen et al., 2004) . In addition, pelletizing small seeds with soil materials including clay, vermiculite, or talc has been shown to result in increased seed size and reduced labor requirements (Taylor & Harman, 1990; Schisler et al., 2004) . One of the most difficult problems in planting sesame is that the seeds are small and need to be placed precisely in the soil (Langham et al., 2007) . We previously reported that a combination of clay and vermiculite provided an effective soil-based seed pelleting material (Ryu et al., 2006) .
The Pseudomonas fluorescens strain M45 has previously been shown to suppress soil-borne pathogens under low-temperature conditions and to elicit plant growth promotion in cucumber (Yeom & Park, 1995) . In addition, strain M45 colonized plant root systems, providing they were biologically consistent (Yeom & Park, 1995) . In this study, we developed a bioformulation, a method for seed-pelletizing with bacteria, using P. fluorescens strain M45 to enhance healthy stand rates of sesame seedlings in the field conditions.
II. Materials and Methods

Bacterium preparation
Bioformulation with P. fluorescens M45 was applied to sesame seeds (variety Suwon 6) to improve healthy stands of sesame seedlings. The bacterium was streaked onto King's B (KB) agar plates and incubated at 28°C for 48 h. Bacterial cells were harvested from KB plates in sterile distilled water (SDW) to yield 10 9 colony-forming units (cfu)/ml as determined by the optical density at 600 nm.
Seed pelleting
Seeds were pelletized using clay and vermiculite according to the method of Ryu et al. (2006) . In brief, 1% polyvinyl alcohol was sprayed on sesame seeds as a binder in the coating machine (Samheung Engineering Co., Korea). During formulation, a suspension of strain M45 was applied with 10 9 cfu/ml of 1% polyvinyl alcohol. The pelletized seeds were dried at room temperature for at least 2 days prior to use.
Emergence rate of sesame seeds
The emergence rate of seedlings was assessed This experiment was designed as a completely randomized design with three replications.
Healthy stand establishment assay
To evaluate the effect of a bioformulation with strain M45 on the suppression of damping-off disease, the rate of healthy stand establishment was assessed with pot and field trials. Thirty seeds of sesame were directly sown in the DOC soils and the rate of healthy stand establishment of sesame seedlings was recorded in each treatment 40 days after seeding.
Root colonization assay
To evaluate the effect of pelleting materials on root colonization of strain M45, we monitored bacterial population dynamics on sesame roots. A rifampicin resistant strain of M45 named M45r was used for observing population changes. To apply strain M45r to non-pelleted seeds, the bacterial suspension of M45r was fixed to 10 9 cfu/ml, and sesame seeds were soaked in it for 1 h, followed by air-drying at room temperature. Sesame seeds treated with M45r were sown at the GNU research field, and roots were sampled 30 days after sawing. A root sample (0.5 g) from 30-day-old seedlings was emulsified with a sterile mortar and pestle, and then re-suspended in 10 mM MgSO4 in a test tube and vortexed for 1 min. The colony forming units were determined by plating a series of 10-fold dilutions on KB supplemented with 50 ㎍/ml rifampicin (Sigma Chemical Company, St. Louis, MO, USA). The number of bacterial colonies was counted after 3 days of incubation at 28°C.
Data analysis
Experiments were conducted in triplicate and standard deviations were calculated. All statistical analyses were run on the SAS (SAS institute, Cary, USA). The experimental design comprised two factors with the factor "seed-pelleting" and the factor "M45 treatment". This design allowed statistical analysis by two-way analysis of variance (ANOVA) in order to discriminate between the seed-pelleting 
III. Results and Discussion
The emergence rate of sesame seeds was evaluated.
In the petri dish trial, the emergence rate was overall good (> 92%) regardless of seeds being pelleted and/or M45-treated (Fig. 1) , indicating that seed pelleting had no influence on the germination of sesame seeds. In both pot and field trials containing disease-conducive soils, seed-pelleting substantially reduced emergence rate, whereas seed-pelleting with M45 significantly improved the emergence rate (> 26%) (Fig. 1) . These results indicate that the emergence of sesame seeds is highly dependent on the presence and activity of soil-borne pathogens. The emergence rate of sesame seeds treated with strain M45 was greater than 30% regardless of seed pelletization ( Fig. 1) , suggesting that strain M45 protects sesame seeds from damping-off attacks. To discriminate among two factors seed-pelleting, M45 treatment, and their interaction, two-way ANOVA was performed. A significant pelleting-related effect was observed independently of M45-related factor.
There is no interaction between the factors. We previously observed that P. fluorescens strain M45
successfully suppressed the soil-borne pathogens (Yeom & Park, 1995) . Sesame seeds without any treatment germinated poorly in the field (less than 1%) and eventually showed severe damping-off symptoms. In addition, non-pelleted seeds were not protected from later post-emergence damping-off.
We . Each value is the average of three independent experiments and bars indicate standard deviations. Two-way ANOVA was performed to discriminate among two factors seed-pelleting, M45 treatment, and their interaction followed by Tukey's studentized range test. A significant pelleting-related effect does not depend on M45-related factor and vice versa. Means sharing different letters do not significantly differ: a≠b≠c, p<0.001.
Fig. 3. Root colonization of Pseudomonas fluorescens
M45 on sesame roots. Non-pelleted denotes that sesame seeds were soaked in cell suspension of M45r. Pelleted denotes that sesame seeds were pelletized with soilpelleting materials plus M45r. Each value is the average of three independent experiments and bars indicate standard deviations.
factor and vice versa (Fig. 2) . Therefore, the tests for the individual effects are valid. These results indicate that seed-pelleting enhanced the ability of strain M45
to improve the health of stands and strain M45 successfully controlled pre-emergence and post-emergence damping-off disease of sesame.
To evaluate root colonization by the strain M45, a rifampicin-resistant strain of M45 (M45r) was generated. The rhizosphere population densities of M45r were monitored on root systems of sesame seedlings and analyzed for determining whether M45r will be able to sustain its population in the field soil 30 days after sowing at the GNU research field.
When applied to the non-pelleted seeds, M45r colonized in the roots at the density of 1.6×10 5 cfu/g (Fig. 3) . With aid of the bioformulation, however, root colonization of the strain was significantly increased to 4.0×10 6 cfu/g (Fig. 3) . Seed-pelleting with clay and vermiculite was found to be effective in improving the root-colonization of P. fluorescens strain M45, which is consistent to the result of our previous study (Ryu et al., 2006) .
Interestingly, our results also suggested that the seeds pelleted with soil-based materials improved emergence rates and healthy stand establishment compared with non-pelleted seeds. We expected that seed pelleting would help seeds to become established at sites from which soil-borne plant pathogens are absent during germination, thereby resulting in an enhanced emergence rate and healthy stands even under field conditions. These results are similar to those of other studies, which demonstrated that the planting of pelleted seeds led to an increased emergence rate of sesame seeds (Doğan et al., 2005; Ryu et al., 2006) .
In the application of biological control agents (BCAs) to seeds or seedlings to protect against soil-borne pathogens or to increase plant growth, the inconsistency in the effect of BCAs has been cited as the main problem in agricultural applications (Weiss, 1983; Schisler et al., 2004) . Our results also 
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